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Abstract 
Edge cracking is a commonly observed phenomenon during the cold rolling process of the silicon steel strip which may cause the 
rupture of strip and reduce the product quality and productivity. In this work, the damage behavior and edge cracking of steel 
strip in cold rolling is analyzed based on a shear modified Gurson model. Taguchi experimental design method is used to analyze 
the effects of reduction ratio, roll diameter, tension, friction coefficient on the initiation and propagation of edge cracks. The 
analysis results reveal that the possibility of edge crack for silicon steel increases with the increasing of reduction ratio, tension, 
friction coefficient and the decrease of roll diameter.  
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Silicon steel, also called electrical steel, has excellent electrical and magnetic properties. It is widely used as the 
core material of electromagnetic equipment such as transformer, motor and generator. Cold rolling is one of the 
essential processes to manufacture silicon steel sheet. However, edge cracks are commonly observed during cold 
rolling process of silicon steel, which may affect the strip quality and productivity significantly.  
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Nomenclature 
eqV  Macroscopic von Mises equivalent stress 
mV  Macroscopic hydrostatic stress 
ijV  Cauchy stress tensor 
ijs  Deviatoric stress tensor 
V  Flow stress of material matrix 
*f  Total effective void volume fraction 
1q , 2q  Coefficient of the GTN damage model 
f  Void volume fraction 
f  Void volume fraction 
0f  Initial void volume fraction 
cf   Critical void volume 
Ff  Void volume fraction at failure 
Nf  Volume fraction of void nucleating particles 
NH  Mean void nucleation plastic strain 
NS  Standard deviation of NH  
p
ijH  Macroscopic plastic strain tensor 
pH  Equivalent strain of material matrix 
( )ijw V  Measurement of current stress state 
wk  Material parameter characterize shear damage 
3J  The third invariant of the deviatoric stress tensor, 3 1 3 ij jk kiJ s s s  
 
The edge crack is the result of ductile fracture due to plastic flow in cold rolling and the mechanism of its 
formation is complex. Many researchers have used the finite element method to investigate the influence of rolling 
process parameters such as reduction ratio, tension, lubrication or friction condition to the initiation and propagation 
of edge cracks. The key point is to apply a proper material model to describe the ductile damage and fracture 
behavior in rolling condition. Ghosh et al. (2004) and Zhang et al. (2011) employed the the Cockcroft-Latham 
model (Cockcroft and Latham, 1968) to predict the edge crack base on the assumption that the failure take place 
when the maximum tensile principal stress and strain reached a certain value. Mashayekhi et al. (2011) used the 
Lemaitre damage model (Lemaitre 1992) to characterize the deterioration of material due to damage evolution and 
final failure during cold rolling, in which the damage is considered to be linear with the equivalent strain and 
influenced by stress triaxiality. Generally, ductile damage and fracture process of metallic material consists of three 
stages: micro-voids nucleation, growth and coalescence. The most popular damage model to describe this process is 
Gurson model (Gurson, 1977), which has been improved by Tvergaard and Needleman (known as Gurson-
Tvergaard-Needleman model, GTN). Ghosh et al. (2004) and Yan et al. (2011) used the GTN damage model to 
predict edge crack in cold rolling. However, Riedel et al. (2007) pointed out that the Gurson model can predict 
damage evolution and final facture in principle, but it is only suited for high stress triaxiality, while for rolling 
condition (low stress triaxiality) the accuracy of the prediction is questionable.  
In this research, a shear modified GTN model proposed by Nahshon and Hutchinson (2008), which account for 
the effective damage accumulation due to distortion of cavities and inter-cavity interacting under low stress 
triaxiality, was applied to analyze the ductile damage and fracture behavior in cold rolling, and the influence of 
rolling process parameters on the edge cracks initiation and propagation are also investigated. The reliability of the 
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simulation results are checked by cold rolling experiments of silicon steel on an experimental non-reversing two-
high mill. 
2. The shear modified GTN model 
The GTN model considered a damage material as a continuum medium with a constitutive equation that includes 
a damage parameter *f  which may vary from zero for undamaged material to one for completely damaged material. 
The yield surface of GTN damage model can be expressed as follows: 
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Here, N  is the void growth acceleration factor which represents the rapid drop of material load capacity due to 
void coalescence. And it can be obtained from the void volume fraction at failure Ff . 
   u c F cf f f fN      (3) 
The parameter 11uf q  represents the ultimate value of void volume fraction when the material load capacity 
reduces to zero.  
The above equations establish the behavior of material when a specific void volume fraction value is considered. 
During the plastic deformation the change of the void volume fraction is corresponding to the void growth and the 
nucleation of new voids in the original GTN model.  
The void growth rate is controlled by the trace of plastic strain increment tensor.  
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However, in the shear modified GTN model, Nahshon and Hutchinson set up a shear damage mechanism based 
on phenomenological aspects to capture the material deterioration in shear loading condition. The growth rate of 










HV V   (6) 
Here, wk  is a material parameter that defined as the magnitude of the damage growth rate in pure shear state. The 
shear damage growth rate is influenced by current stress state which is characterized by the third invariant of the 
deviatoric stress tensor. 
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233 eq( ) 1 27 2ijw JV V    (7) 
Coupled with Nahshon - Hutchinson shear mechanism, the expression for the growth rate of void volume fraction 
can be written as: 
g n sf f f f     (8) 
The shear modified GTN damage model is incorporated in the ABAQUS through VUMAT user-defined material 
subroutine interface. The integration scheme of the constitutive law of the model is detailed by Nahshon and 
Hutchinson (2009). 
The material used in this work is a kind of non-oriented silicon steel with 2.1% Silicon in weight approximately. 
The mechanical and damage parameters of this material has been determined by tensile experimental data and SEM 
observations by Yan et al. (2011), and the shear damage parameter wk  is obtained from shear test of a special shear 
specimen by the authors (2013). 
3. Finite element analysis 
3.1. Finite element model 
Three-dimension FE analyses were carried out to predict the onset of crack in cold rolling process by using the 
shear modified GTN model. The schematic diagram of the cold rolling process is illustrated in Fig. 1, where X is the 
rolling direction, Y is the strip thickness direction and Z is the transverse direction. Owing to the symmetry, only a 
quarter of the whole model was modeled. The dimension of the strip was selected as L=30mm, W=40mm and 
H=2.6mm. A notch with width 0.2mm and length 3mm was preset in the strip edge in the FE model. The strip was 
meshed with Eight-node brick element with reduced integration (C3D8R) and the work roll was modeled as 
analytical rigid body. A local mesh refinement was adopted for the region around the edge notch tip (Fig. 1). An 
initial velocity slightly less than the roll tangential velocity (1m/s) was assigned to the roll strip to make sure that the 
strip can enter into the roll gap smoothly. Between the roll and strip, a surface-to-surface contact with Coulomb 
friction condition was defined in the cold rolling simulation. The rolling tension was set as pressure at the front and 
rear ends of the strip. 
 
 
Fig. 1.  A schema of cold rolling process and mesh refinement around the notch tip.  
4. Results and discussion 
4.1. The initiation and propagation of edge cracks 
The plastic flow of material in rolling gap leads to the material deterioration and finally failure. In numerical 
simulation, the damage increase with the plastic strain. When the damage reached the critical value, the element will 
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removed and the crack appears. Fig.2 shows the comparison of simulation and experiment result of the notch 
cracking morphology after rolling. Both the simulation and experiment show that two cracks appear around the 
notch tip and extend along the direction with an angle about 45° and 135° to the rolling direction, which indicates 
that the shear modified GTN damage model is efficient to predict damage and fracture behavior of steel strip in 
rolling condition. In this work, the crack length was measured as the maximum distance between the removed 
elements. 
 
   
Fig. 2. Notch cracking behavior of (a) simulation and (b) experiment after rolling ( A=40, B=0, C=180, D=0.1) 
4.2. Taguchi experimental design analysis 
Taguchi experimental design (Orthogonal experimental design) is an effective method to analyze the effects of 
multiple variables. In present work, four processing parameters such as reduction ratio, tension, work roll diameter 
and friction coefficient which were considered to be factors having great effect on edge cracks in the industrial 
manufacture, were taken into account. Therefore, a 4-factor-4-level Taguchi design was carried out in which A 
represents for work roll diameter with various levels of 180, 240, 300, 360 mm; B for reduction ratio of 25%, 30%, 
35%, 40% ; C for friction coefficient of 0.15, 0.2, 0.25, 0.3 and D for tension of 0, 50, 100, 150 MPa. 
In the Taguchi experimental design analyses, 16 groups test experimental with different combinations of rolling 
process parameters were conducted. The scheme of the experimental design analysis was determined by the 
statistical software Minitab. The crack length was set to be the response. The responses were obtained via FE 
method based on the shear modified GTN damage model. The experimental cases and each result are listed in table 
1. The main effects plot of each parameter is shown in Fig.3. Referring to Fig.3, it can be found that the factors 
affect the response by different degrees and the edge crack length increases with the increasing of reduction ratio, 
tension and friction coefficient and the decrease of roll diameter. The rolling reduction ratio and tension are the most 
two important factors that influence the damage and fracture of steel strip in cold rolling. If a relatively high value of 
reduction ratio and tension are necessary to keep normal production in industry, employing a bigger work roll is also 
a good way to prevent the occurrence of edge crack. 
Table 1. Taguchi experiment scheme and response results 
Case 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
A (mm)  180 180 180 180 240 240 240 240 300 300 300 300 360 360 360 360 
B (%)  25 30 35 40 25 30 35 40 25 30 35 40 25 30 35 40 
C  0.15 0.20 0.25 0.30 0.20 0.15 0.30 0.25 0.25 0.30 0.15 0.20 0.30 0.25 0.20 0.15 
D (MPa) 0 50 100 150 100 150 0 50 150 100 50 0 50 0 150 100 
Response 
(10-1mm) 0.65 1.80 3.40 6.40 2.35 3.85 2.00 3.20 3.45 2.55 2.25 2.45 1.05 0.55 4.30 3.55 
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Fig. 3. The plot of main effects for means in the 4-factor-4-level Taguchi experimental design. 
5. Conclusion 
The effects of reduction ratio, tension, work roll diameter and friction coefficient on the onset of edge crack have 
been investigated by using FEM method based on the shear modified GTN damage model combine with Taguchi 
experimental design analysis. The results shows that steel strip with edge notch is easy to cause edge crack after 
rolling. The crack length increases with an increasing of reduction ratio, tension and friction coefficient, and  a 
bigger work roll is beneficial to reduce the edge cracking. 
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